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Abstract
I put forward a model with vectorlike isosinglet quarks in which soft
breaking of CP leads to strong CP violation only arising at two-loop level.
Non-perturbative eects in Quantum Chromodynamics (QCD) may lead to
P and CP violation, characterized by a parameter , in strong interactions. The






[1]. (Electric dipole moments of elementary particles are both P-
and T-violating; in normal eld theory, T violation is equivalent to CP violation.)
The presence of this unnaturally small number in QCD is known as the strong-CP
problem.






is the original value of the
angle  characterizing the QCD vacuum. 
QFD
originates in the chiral rotation




are the mass matrices of the up-type (charge 2=3) and down-type (charge







There are two general ways of solving the strong-CP problem. In the rst
approach  is claimed to have no signicance or physical consequences; theories
with dierent values of  are equivalent, and we may set  = 0 without loss of
generality. This may be so because of the presence in the theory of a Peccei{
Quinn symmetry [2], but there are also claims that QCD dynamics itself cures
the strong-CP problem [3]. The second path, which I shall follow, tries to nd
some symmetry which naturally leads to the smallness of . As  is the coecient
of a quartic term in the Lagrangian which is both CP- and P-violating, one rst
assumes the Lagrangian | or at least its quartic part | to be either CP- or P-
symmetric, thereby automatically obtaining 
QCD
= 0. CP or P symmetry must
then be either softly or spontaneously broken. While doing this the problem of
ensuring the smallness of 
QFD
remains. We must obtain quark mass matrices
which, even though they are complex | because after all we know that CP
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Afterwards, we must still ensure that the quantum (loop) corrections to the mass
matrices do not lead to a much too large 
QFD
.
In this letter I put forward a model in which the quartic terms of the La-
grangian are assumed to enjoy CP symmetry, thereby setting 
QCD
= 0. CP
symmetry is softly broken by the mass terms, which have dimension three, of
isosinglet vectorlike quarks. The assumption that a symmetry is broken only by
terms of cubic dimension is technically natural, in the sense that it is not cor-
rected by innite renormalizations. Therefore, there will be no non-real divergent
renormalization of the quartic terms in the Lagrangian. Because of a particular
discrete symmetry, 
QFD
vanishes at tree level. I explicitly show that 
QFD
also
vanishes at one-loop level. My model has some similarity with two previous ones
[4, 5], but is simpler and more economic than any of them.
The gauge group is SU(2)
U(1) just as in the standard model (SM). The







with a real singlet S. The lepton sector is as in the SM. The quark sector consists








, the three right-handed up-
type quarks p
R
, and the three right-handed down-type quarks n
R
. Besides, I also
assume the existence of l SU(2)-singlet vectorlike quarks of charge  1=3, with
left-handed components N
L
and right-handed components N
R
. The number l is
arbitrary.
The model has a discrete symmetry under which both S and the N
R
change

















































H:c:, whereM is an l3 matrix, are relevant too. The vacuum expectation value
(vev) of  is ve
i










; S = V +R: (3)
'

and  are the charged and neutral Goldstone bosons, to be absorbed as the
longitudinal components of theW

and Z gauge bosons, respectively. After using




in favor of v and V , the

















vV HR+ ::: (4)














v)(V)] = arg det( ) (5)
does not depend on .








) the diagonal matrix of the masses of








; :::) the diagonal matrix of
the masses of the l + 3 down-type quarks. Without loss of generality, we may













). In this basis, we must bi-diagonalize
the mass matrix of the down-type quarks. This we do by performing the unitary



















is a 3  (l + 3) and Y
A
is an l  (l + 3) matrix. Indeed, X
L
is
the Cabibbo{Kobayashi{Maskawa (CKM) mixing matrix of the charged gauge





















. The matrix H
L
appears in the neutral-current






















The decays of the Z measured at LEP, together with the observed suppression of
neutral avor-changing interactions and the near unitarity of the CKM matrix,
impose strong constraints on the 3  3 part of X
L
corresponding to the three
known charge  1=3 quarks [7]. I shall assume that both M and the vev V are
very large | in the case ofM because it consists of singlet mass terms, in the case
of V because it is the vev of a singlet eld, and it does not break the electroweak
gauge group. Under that assumption, the 3  3 part of X
L
is almost unitary,
as required. Moreover, the mixing angle  between H and R scales as v=V [see
Eq. (4)]. Therefore, in the limit of large V , R is an eigenstate of mass with mass
 V .








































) = 0: (9)
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where I have used Eqs. (9).
Up to this point I have not postulated anything about the nature of CP
violation in this model. I now make the further assumption that the quartic part
of the Lagrangian conserves CP. Then, 
QCD
vanishes, the matrices ,   and 
are real, and 
QFD
= 0 at tree level. CP cannot be spontaneously broken in this
model, because there is no gauge-invariant phase between the vevs of the scalars
(the phase  can be gauged away). Therefore, CP must be softly broken by the
only non-quartic terms in the Lagrangian which may be complex: the matrix M .
As CP-violating amplitudes are  10
3
times smaller than CP-conserving ones,
one may naturally assume that the complex phases in the matrix elements of M
are all  10
 3
.
The rst model in which soft breaking of CP was used to suppress strong CP
violation was suggested by Georgi [8]. My present model has a clear similarity
with the one of Bento, Branco, and Parada (BBP) [5]. Both models are of the
Barr{Nelson [9] type. In the model of BBP CP breaking is spontaneous and
there is a complex, instead of real, singlet. There are three neutral scalars, and
there is CP violation via scalar-pseudoscalar mixing, which leads to strong CP
violation arising at one-loop level. In contrast, in my model, just as in the one
of Babu and Mohapatra (BM) [4], there are only two neutral scalars, and there
is no scalar-pseudoscalar mixing, allowing strong CP violation to arise only at
two-loop level, as I shall now show. The proof is analogous to the one valid in
the model of BM.
Strong CP violation might arise at one-loop level via the self-energies of the
down-type quarks, which give rise to complex mass terms. The relevant diagram













) [10]. As M
d
is diagonal, only the diagonal matrix elements of

d





























































where the coecients x, y, and z are real functions, resulting from the loop












































therefore arises only at two-loop level. Its magnitude should be sup-




from the loop integrations, and
a factor  10
 3
from the small CP-violating phases in M . Other suppression




, in which m
q
is the mass of either the charm or the
strange quark, may be present too [10]. It should however be noted that in this
model, such as in the one of BBP, due to the non-diagonal character of H
L
, there
are diagrams contributing to 
QFD
at two-loop level with one Z loop and oneW

loop, or with two Z loops. Those diagrams evade the suppressions derived, in
the context of the SM, in Ref. [10]. They should however be suppressed by the
smallness of the non-diagonal matrix elements of H
L
. Also, there are diagrams
with scalar loops contributing to 
QFD
at two-loop level, involving in particular
the mixing matrix H
R
[see Eq. (10)]. Those diagrams will be suppressed if R is
very heavy (if V is very large), as I advocate. Summing up, it is not clear how
large may the two-loop contribution to 
QFD
be in this model. It is evident any-
way that, by avoiding scalar-pseudoscalar mixing, my model avoids an important
source of strong CP violation present in the model of BBP, and in many other
models.
I thank Lincoln Wolfenstein for having read a draft of the manuscript and
commented on it.
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